Keratins are the major proteins synthesized by keratinocytes. They consist of a group of 10-20 different polypeptides in the molecular weight range of 48,000-67,000. Keratins associate in cells to form intermediate filaments, the major network of the keratinocyte cytoskeletal architecture. Keratins are produced in cells in a specific, sequential manner during epidermal stratification and the formation of the stratum corneum. Tumor promotion in mouse skin is associated with epidermal hyperplasia and aberrant cellular differentiation. This is accompanied by alterations in normal patterns of keratinization as revealed by high-resolution two-dimensional polyacrylamide gel electrophoresis. Changes in keratinization in mouse skin during tumor promotion may serve as useful markers for the development of neoplasia.
INTRODUCTION HE EPIDERMIS IS A HETEROGENEOUS STRATIFIED TISSUE composed largely of keratinocytes.
T These cells are found throughout the tissue in various stages of development. Keratinocytes proliferate in the basal layer and, during differentiation, gradually migrate outward toward the surface. During migration, the cells lose their ability to proliferate and undergo morphological changes forming the spinous and granular layers and, finally, the stratum corneum. This outermost layer, which serves to protect the body from the external environment, consists mainly of cross-linked keratin proteins. Cells in the stratum corneum are continuously shed and replaced by newly matured cells from the layers below.
The keratins are a group of water-insoluble fibrous proteins that associate in the cells to form intermediate filaments, a major structural component.(l,2] They consist of both basic and acidic keratin subunits and range in molecular weight from 48,000 to 67,000. Keratins are translated from a number of distinct mRNAs derived from a large multigene family. In the skin, keratin expression occurs sequentially during epidermal differentiation.(3-7) The differentiating suprabasal cells of the epidermis produce greater numbers of higher molecular weight keratins than the basal cells. During differentiation, the keratins also undergo posttranslational modifications.(3,*-lO) For example, these proteins are known to be phosphorylated and undergo proteolytic degradation. Such modifications are thought to be important for the keratins to associate into highly stable intermediate filaments during the formation of the stratum corneum. 
KERATINS OF THE MOUSE SKIN
Several recent advances in biochemical analysis have made it possible to characterize the number and types of keratins expressed in normal mouse skin and their location during differentiation. Reagents for the analysis of keratin expression in the epidermis have been developed and include monoclonal antibodies that recognize specific keratin subunits and cDNA probes that are used to quantify keratin RNA synthesis. (23) (24) (25) (26) (27) In addition, techniques in highresolution two-dimensional gel electrophoresis using either isoelectric focusing or nonequilibrium pH gradient gel electrophoresis in the first dimension and sodium dodecyl sulfate (SDS)-polyacrylamide slab gel electrophoresis in the second dimensionJ28,?9) coupled with techniques in immunoblotting with antikeratin antibodies, have permitted the identification of the number and type of keratin subunits produced in the epidermis.(30) Using these latter techniques, our laboratory has identified at least 1 1 distinct keratin polypeptides, including those that are acidic (type 1, M, 61,000, 59,000, 54,000, 52,000, 49,000, and 48,000) and basic (type 11, 67,000, 65,000, 63,000. 62,000, and 60,000).(22.30) Many of these keratins exhibit multiple isoelectric forms, presumably due to proteolytic processing and posttranslational modifications of the proteins. By using pulse-labeling techniques, most but not all of these proteins were found to be actively synthesized in the epidermis.(l8. 30) Using antibodies and complementary DNA probes as well as two-dimensional gel electrophoresis, the expression of different keratin species have been identified in different layers of the epidermis.(*3-27.31,32) In general, basal cells produce only a few keratins, usually consisting of one acidic and one basic subunit, but both acidic and basic higher molecular weight keratins are produced as cells ascend to form the stratum corneum. In the mouse skin, basal cells express primarily the M, 60,000 basic keratin and the M, 54,000 acidic keratin, but cells localized in the suprabasal layers express these keratins as well as the M , 67,000 basic and M , 59,000 acidic keratin pair.(30) These latter proteins are the major components of the stratum corneum. Posttranslational processing of the keratins occurs in the suprabasal cells during terminal differentiation of keratinocytes.
CHANGES IN KERATINIZATION DURING TUMOR PROMOTION
Using two-dimensional gel electrophoresis to identify individual keratin, our laboratory was the first to characterize early alterations in keratin expression in the mouse epidermis in response to the phorbol ester tumor promoters. (18, 22) We found that the phorbol esters caused a marked decrease in the biosynthesis of the M, 67,000 (basic) and 59,000 (acidic) keratin markers associated with suprabasal cell differentiation. The synthesis of several additional keratins with molecular weights of 48,000 (acidic) and 62,000 (basic) was also decreased. Phorbol esters were also found to increase the synthesis of several keratins, including the M, 60,000 basic and 52,000 and 49,000 basic markers for proliferating cells. Interestingly, phorbol ester-induced alterations in the normal patterns of keratinization in the skin could be mimicked using skin explants maintained in vitro. These data indicate that the biologic effects of the tumor promoters are due to a direct action on the skin and are independent of the intact animal. It should be noted that changes in keratinization induced in the epidermis by tumor promoters are not limited to the phorbol esters. We have also observed similar changes in patterns of keratinization in the mouse skin using the promoter anthralinJ331
Nelson et a1.(34.35J reported generally similar changes in patterns of keratinization in epidermis in response to tumor promoters and in papillomas and carcinomas. These investigators observed alterations in expression of both the 62,000 and 52,000 molecular weight acidic keratins. Schweizer and also reported that TPA induced changes in the pattern of expression of epidermal acidic keratins and suggested that some of the changes were related to posttranslational processing of these proteins. More redently, using complementary DNA probes, Toftgard et a1. (37) found that the phorbol esters rapidly decreased mRNA transcripts for the 67,000 and 59,000 molecular weight keratins. mRNA transcripts for proliferation-related keratins ( M , 60,000, 55,000, and 50,000) were generally increased. Using monospecific antikeratin antiserum and complementary DNA probes, Roop et aI.(?71 found decreased expression of the M, 67,000 and 59,000 keratins in benign tumors arising during promotion. These researchers did not observe expression of these keratins in carcinomas and suggested that their absence may provide a marker for malignant conversion in the mouse skin carcinogenesis model. In further studies, Aldaz et aI.(381 presented data that indicated that decreased expression of differentiation-specific keratins during the development of papillomas and carcinomas in tumor promotion was preceded by the development of aneuploidy. These researchers suggested that gross changes in the genome during promotion did not allow the keratinocytes to undergo their normal program of differentiation.
ALTERATIONS IN EPIDERMAL KERATINIZATION FOLLOWING EXPOSURE TO 2,3,7,8-TETRACHLORODIBENZO-~-DIOXIN (TCDD)
TCDD is a highly toxic halogenated aromatic hydrocarbon. Skin exposure to TCDD in humans often results in epidermal hyperkeratini~ation.(2~,~0) Recently, TCDD has been reported to be a tumor promoter in the mouse skin Tumor promotion induced by TCDD appears to be strain specific, occurring only in the hairless (hr/hr) mouse, where it induces epidermal hyperplasia, hyperkeratosis and sebaceous gland metaplasia.(4'-44) Our laboratory also found that TCDD induces changes in patterns of epidermal keratinization in the hairless mouse that are almost identical to those induced by phorbol ester tumor promoters. (45] Thesc include a characteristic decrease in the M , 67,000 basic and 59,000 acidic suprabasal keratin markers and increases in the synthesis of proliferation-related keratins. Interestingly, in the haired (hr/+) littermates of the hr/hr mice, which are resistant to TCDD-induced tumor promotion, TCDD caused changes only in keratin synthesis, reflecting increased basal cell proliferation, and had little effect on the differentiation-related keratins. The ability of TCDD to selectively alter patterns of keratinization in the hr/hr mice likely represents strain-specific toxicity of TCDD determined by the hr locus.
VITAMIN A, KERATINIZATION, AND TUMOR PROMOTION
Vitamin A is an essential dietary component required for normal growth and development.146-48) It is known to play an important role in the control of epithelial cell differentiati0n.(~9,5Ol Vitamin A is also a potent inhibitor of many of the biologic effects of phorbol esters in the skin, including tumor promotion.(51-53~ Inhibition appears to be specific for the second stage of tumor promotion, and vitamin A exposure must occur shortly before or after tumor promoter treatment in order to be effective. Vitamin A is known to regulate keratin expression in cells in culture. (54) In the absence of vitamin A there are dramatic alterations in keratinization in human epidermal keratinocytes.(5*)
Since vitamin A is important in keratinization, it was of interest to determine if dietary vitamin A deficiency altered normal patterns of keratinization in the skin.(56) Vitamin A deficiency in rodents is known to lead to dramatic changes in the morphology of the transitional epithelium. In both rats and mice, vitamin A deficiency caused stratification and the formation of a squamous epithelium resembling hyperproliferative epidermis.(56-5*) In mice, we found that this stratified tissue expressed a number of epidermal keratins, including the 67,000 basic and 61,000 acidic keratin pair, which is characteristic of the terminal differentiating keratinocytes.cs6) In the CD-1 mouse strain, although animals displayed signs of vitamin A deficiency, there were no alterations in epidermal morphology or keratinization.00) Similar results were observed for the CF-1 strain of mice, with the exception of a unique acidic keratin with a molecular weight of 61,000 whose expression appeared to be dependent on vitamin A in the diet. (30) This keratin is synthesized only in this strain of mice and, based on peptide mapping experiments, appears to be related to the acidic 59,000 molecular weight keratin. The function of this keratin in the differentiation process is not known, although its appearance in the skin may be related to a vitamin A-dependent posttranslational modification. Based on this work it appears that vitamin A does not alter normal differentiation in the skin.
Although in mouse skin vitamin A inhibits phorbol ester-induced ornithine decarboxylase activity, (52) an enzyme that is thought to be integral to epidermal proliferation, it does not prevent phorbol ester-induced epidermal hyperplasia.(53) It will therefore be of interest to determine if vitamin A also prevents specific phorbol ester-induced alterations in epidermal keratinization.(18Jz) Vitamin A also causes regression of epidermal tumors,(51.59) having a marked effect on those cells producing differentiation keratim (60) 
CONCLUSIONS
Over the last several years many of the keratins have been identified and localized in the different layers of the epidermis. It is now clear that their expression is correlated with the phenotype of keratinocytes during differentiation. The precise role of each of the keratins in the formation of the stratum corneum is not known. Tumor promotion is associated with alterations in keratinization that reflect changes in cellular phenotypes during hyperplasia and during progression into papillomas and carcinomas. It is not known whether these changes directly contribute to tumor promotion or are simply markers of this process. Understanding the cellular mechanisms that control the expression of different epidermal keratins is important in order to more clearly define their function in hyperproliferative tissue and in neoplasia.
